Parkinson's disease is the second most common neurodegenerative disorder and is characterized by the degeneration of dopaminergic neurons within the substantia nigra. Dopamine replacement drugs remain the most effective treatment for Parkinson's disease but only provide temporary symptomatic relief. New therapies are urgently needed, but the search for a disease-modifying treatment and a definitive understanding of the underlying mechanisms of Parkinson's disease has been limited by the lack of physiologically relevant models that recapitulate the disease phenotype. The use of immortalized cell lines as in vitro model systems for drug discovery has met with limited success, because efficacy and safety too often fail to translate successfully in human clinical trials. Drug discoverers are shifting their focus to more physiologically relevant cellular models, including primary neurons and stem cells. The recent discovery of induced pluripotent stem cell technology presents an exciting opportunity to derive human dopaminergic neurons from patients with sporadic and familial forms of Parkinson's disease. We anticipate that these human dopaminergic models will recapitulate key features of the Parkinson's disease phenotype. In parallel, high-content screening platforms, which extract information on multiple cellular features within individual neurons, provide a networkbased approach that can resolve temporal and spatial relationships underlying mechanisms of neurodegeneration and drug perturbations. These emerging technologies have the potential to establish highly predictive cellular models that could bring about a desperately needed revolution in Parkinson's disease drug discovery.
was identified almost 45 years ago, 4 levodopa remains the principal and most effective treatment for Parkinson's disease. However, as the disease progresses and more dopaminergic neurons are lost, the efficacy of levodopa diminishes, and patients experience increasing fluctuations in motor symptoms, including dyskinesias. Furthermore, dopamine replacement drugs fail to address the degeneration observed in other brain areas, such as the locus coeruleus and cerebral cortex, 5, 6 and the wide range of autonomic symptoms noted in patients with Parkinson's disease. 7 Ultimately, disease-modifying treatments are needed that address both the motor and nonmotor symptoms of Parkinson's disease.
Despite increasing investment in biomedical research by industry and government, 8 the success rate of new drugs in clinical trials is dropping. 9 Drug discovery in Parkinson's disease is no exception, and promising new compounds validated at the preclinical stage often fail during development and expensive clinical trials. 10 For example, sarizotan, an antidyskinesia drug, was successful in preclinical and Phase II trials, yet failed in Phase III trials. 11 These are costly failures, considering that discovering and developing a new drug is now estimated at US$ 800 million. 12 Attrition rates of late-stage drug candidates could be modestly reduced by improving the design of clinical trials. 13 However, academic and industry scientists acknowledge that, ultimately, to increase the success rate and reduce the financial burden of drug discovery, improvements should be focused on the drug discovery pipeline itself. In particular, they should be focused on identifying and validating relevant targets and characterizing candidate drugs. 14 During the last 20 years, cellular models of neurodegenerative diseases have undergone many evolutionary changes. Conventional drug discovery strategies utilized genetically engineered and immortalized cell lines to develop cell-based assays. In these systems, the cell type is subservient to the limitations of the assay technology. The focus is now shifting towards developing cell-based assays that more faithfully recapitulate characteristics of the disease phenotype, leading to better target identification and predictions of drug efficacy and toxicity. Consequently, primary neurons and stem cells are increasingly recognized as powerful tools for drug discovery. 14 Parallel developments in high-throughput screening and high-content screening platforms, which capture multiparametric features within single cells, have enabled cellular signatures to be defined for disease states and toxic activities of compounds that are screened. 15 Modeling Parkinson's disease for drug discovery: too many targets Drugs against novel targets are estimated to have a 50% greater failure rate and create less value than those developed against validated targets. 16 As a result, much of the drug discovery in Parkinson's disease has focused on enhancing the efficacy of levodopa and minimizing its side effects. 17 However, levodopa provides only symptomatic improvement, and has little effect on the multisystem neuronal dysfunction and deterioration that occur in Parkinson's disease. Novel drug targets are needed if we are to develop effective disease-modifying treatments for Parkinson's disease. To date, no single mechanism or cause of sporadic Parkinson's disease, which makes up the vast majority of cases, has been identified. However, insights into mechanisms of the pathogenesis of Parkinson's disease have emerged from mutations in several genes that associate with familial forms of the disease. They encode leucinerich repeat kinase 2 (LRRK2), 18, 19 α-synuclein, 20 parkin, 21 DJ-1, 22 (PTEN)-induced kinase 1 (PINK1), 23 and ATP13A2 24 ( Table 1 ). These genes implicate several cellular processes as potential mechanisms underlying familial and sporadic Parkinson's disease, including oxidative stress, mitochondrial dysfunction, perturbations in proteostasis, inflammation, and protein phosphorylation. 25, 26 It is unknown which mechanism or risk factor, if any, plays the dominant role in Parkinson's disease. As a result, the validation and exploration of these targets remain a significant bottle-neck in the drug discovery pipeline for Parkinson's disease.
Defining the mechanisms of neurodegeneration in Parkinson's disease has been hampered by our limited access to the specific neuronal populations most affected by the disease. Pathological studies on postmortem tissue from patients provided hints about the cellular events underlying neurodegeneration in Parkinson's disease, such as Lewy body formation 27 and mitochondrial dysfunction. 28 However, these are only snapshots of cellular events at the end of the disease progression, when most of the dopaminergic neurons have already been destroyed. Furthermore, there is no way of knowing which of these cellular features are primary or secondary to the initial pathogenic insult, and which are incidental events or homeostatic responses exhibited by injured neurons. 29 Animal and cellular models attempt to recapitulate various aspects of the Parkinson's disease phenotype, with mixed success. Animal models of the disease have been generated by injecting neurotoxins and by transgenic expression of associated mutations. 30 Toxin models induce nigrostriatal cell loss, one of the key pathological traits of Parkinson's disease.
They have been criticized because the rate of neurodegeneration is far greater than that of humans with Parkinson's disease. 31 However, continuous low-level administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mimics more progressive behavioral changes and inclusion formation characteristic of Parkinson's disease. 32 In the past, animal models harboring genetic mutations that mimic inherited forms of Parkinson's disease have been limited in their ability to recapitulate the classical features of the disease. 30 More recently, transgenic mouse models involving the expression of α-synuclein and LRRK2 developed distinct behavioral changes, dopaminergic cell loss and pathological inclusions reminiscent of Parkinson's disease. 33, 34 Although animal models are often used to validate the efficacy and safety of novel drugs, they are of limited use in unraveling the complexities of cellular mechanisms and impractical for high-throughput screening and other drug development stages, such as toxicological dose-response studies.
Cell models for drug development
This review describes current cell models that have been developed to recapitulate traits of pathogenesis of Parkinson's disease and their applicability to high-throughput screening. We will also describe emerging cellular technologies that have significant potential to improve drug discovery.
Immortalized cell lines
Traditionally, recombinant immortalized cells have been a popular choice for drug discovery in cell-based assays. 35 These cells can be grown in virtually unlimited quantities, are not labor-intensive, and can be stored frozen to limit replicative senescence. 36 They provide a relatively homogenous target expression system that leads to less variable screening and can be genetically manipulated to express or knock down a target or express a reporter. Several cell lines display characteristics of dopaminergic neurons ( Table 2) and have provided valuable insights into cellular mechanisms of Parkinson's disease.
Human neuroblastoma cell lines, including SHSY5Y, SK-N-SH, and SK-N-MC, have often been used to model cellular traits of Parkinson's disease, including the formation of Lewy bodies. 37 Many studies have taken advantage of nonhuman cell lines to probe the mechanisms in Parkinson's disease. For example, a murine central nervous system catecholaminergic-derived cell line was used to show that DJ-1, a protein involved in early onset parkinsonism, 22 inhibits formation of α-synuclein aggregates. 38 A rat dopaminergic cell line, N27, was used to investigate the role of dimer formation in α-synuclein aggregation 39 and human mutant α-synuclein-mediated toxicity. 40 PC12 cells derived from a rat pheochromocytoma were used to investigate the role of autophagy and the proteasome degradation pathway during α-synuclein-mediated apoptosis. 41 However, ultimately, these immortalized cell lines are not authentic dopaminergic neurons. A renewable source of human dopaminergic neurons is of particular interest for drug discovery and cell transplantation therapy in Parkinson's disease. Attempts have been made to develop human midbrain cell lines. For example, MESC2.10 was derived from the ventral mesencephalon of an 8-week-old human ATP13A2 AR, juvenile Kufor-Rakeb syndrome and early onset PD embryo and immortalized by ectopic myc expression. Upon differentiation, these cells exhibit neurites, express markers of mature neurons and are electrically active. A subpopulation of these cells also expresses tyrosine hydroxylase and dopamine transporters, produces dopamine, 42 and has been used to investigate the role of α-synuclein in the impairment of vesicular dopamine storage. 42 Despite the scalability and genetic malleability of these immortalized cell lines, their genetic and molecular phenotypes are significantly different from native dopaminergic neurons in vivo. 43, 44 Importantly, the effects of potential drugs or therapies on recombinant molecular targets expressed in immortalized cells may not be fully analogous to physiologic effects in vivo. 45 In fact, the success rate of compounds developed against central nervous system disorders is estimated to be only 8%, with lack of efficacy and safety being major reasons for this high attrition rate. 46 As a result, there is a growing need for the development of novel predictive cellular models.
Primary cells
Primary neurons are post-mitotic differentiated cells and are functionally and morphologically more similar to those found in patients. Cellular phenotype is critical in the pharmacokinetics and pharmacodynamics of a drug compound, and this is particularly relevant to neurons, where the complex interplay among ion channels, intracellular signaling pathways, and the regulation of gene expression might be essential for accurately identifying novel compounds. Consequently, primary cell systems are more effective at predicting human responses to novel drugs. 47 Primary dopaminergic neurons can be dissociated from the midbrain of embryonic and postnatal rats or mice. 48 However, studies with embryonic cultures have been limited; dopaminergic neurons make up less than 1% of the total culture 49 and are immature. The characteristics they display in vitro vary significantly with the culture conditions. 50 In midbrain cultures derived from postnatal animals, up to 50% of the cells are dopaminergic neurons, and these cells faithfully recapitulate electrophysiological and morphological properties of dopaminergic neurons in vivo. 51 Rodent primary dopaminergic neurons have been invaluable in studies of Parkinson's disease-specific toxicity and Lewy body formation. 52, 53 Similar to immortalized cell lines, primary cells can be used to evaluate endogenous targets or be genetically modified to express recombinant targets or reporters. Primary midbrain dopaminergic neurons have also been obtained from human fetal tissue. However, the limited availability and ethical implications of obtaining and using these cells make them less attractive. Although most studies with human dopaminergic neurons have involved cell replacement therapies as a treatment for Parkinson's disease patients, 54 these cells have been used to model the dopaminergic specificity of α-synuclein-mediated toxicity and Lewy body formation. 56 The use of primary neurons for drug discovery permits the simultaneous analysis of multiple cell types. These cultures are significantly more physiologically relevant than immortalized cells, 14 but primary dopaminergic cells have shortcomings, including their significant handling demands, the inability to freeze the cells, and greater expense because they are derived directly from animals. Furthermore, genetic manipulation is more difficult in primary neurons than in immortalized cell lines, and the variability is greater when cultures are prepared on different days and by different investigators. Of particular relevance to high-throughput 
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Drug discovery in Parkinson's disease screening, only small numbers of cells can be derived from each dissection. To some extent, these limitations have been outweighed by the development of automated fluorescence microscopy and high-content screening, which require fewer cells for each data point (described in more detail below), but logistical challenges remain.
Stem cells
Stem cells have been used for drug discovery since the 1970s. 57 The use of stem cells avoids several of the drawbacks of primary neurons. 58 They can be propagated indefinitely and grown to the required scale, similar to immortalized cell lines. Yet they retain pluripotency and can differentiate into neurons that are genetically and functionally analogous to those in vivo. 59 Parkinson's disease patients display a well-characterized selective loss of dopaminergic neurons in the midbrain, 60 and dopaminergic neurons derived from embryonic stem cells and neural stem cells are a renewable source for potential cell replacement therapies. Furthermore, dopaminergic neurons derived from stem cells could lead to more relevant and accurate models for studies of disease mechanisms and drug discovery.
embryonic stem cells
Embryonic stem cells are derived from the inner mass of the blastocyst. Dopaminergic neurons have been differentiated from mouse embryonic stem cells by several protocols, including coculturing with stromal PA-6 cells 61,62 and embryoid body-based lineage selection. 63 Dopaminergic neurons derived from mouse embryonic stem cells have pharmacological phenotypes similar to primary dopaminergic neurons. 64 Furthermore, transplantation of embryonic stem-derived neural precursors or dopaminergic neurons rescues behavioral deficits in animal Parkinson's disease models. [65] [66] [67] Human embryonic stem cells have also been successfully differentiated into dopaminergic neurons in vitro. [68] [69] [70] Compared with mouse embryonic stem cells, human embryonic stem cells are more difficult to grow and expand, and their differentiation into dopaminergic-specific neurons is less robust. For example, in human embryonic stem cell-derived dopaminergic neurons, tyrosine hydroxylase expression decreases in vitro, and after transplantation, no tyrosine hydroxylase-positive cells were detected, despite good survival. 68 However, recent progress has been made in developing more robust protocols for large-scale generation of dopaminergic neurons from human embryonic stem cells 71 and differentiation of specific subtypes of dopaminergic neurons, including the substantia nigra A9 type, that appear to be more vulnerable to degeneration in Parkinson's disease. 72 
Neural stem cells
Dopaminergic neurons can also be derived from neural stem cells isolated from neuronal tissues in more advanced developmental stages than embryonic stem cells. Neural stem cells have been cultured from embryonic, fetal, and adult mammals, including humans. 73, 74 The limited accessibility to human tissue, as well as the difficulty in growing these cells and maintaining a stable phenotype across passages, 75 has made the use of human-derived neural stem cells challenging. However, the development of immortalized human neural stem cell lines has significantly facilitated long-term culturing of these cells in an undifferentiated state. When needed, immortalized neural stem cells can be expanded and differentiated into the appropriate type of neuron. 76 One such cell line, ReNcell VM, is an immortalized human fetal neural stem cell line derived from the ventral mesencephalon by transduction with v-myc. Differentiation leads to neurons that express tyrosine hydroxylase and generate action potentials. 77 A recent study with ReNcell VM cells demonstrated that loss of PINK1 leads to mitochondrial dysfunction, increased oxidative stress and lysosomal pathology, which subsequently led to increased cell death. 78 
Genetic manipulation of stem cells
In addition to self-renewal and pluripotency, embryonic stem cells are amendable to genetic manipulation. Inserting selectable genes under the control of cell type-specific promoters allows the enrichment of specific cell populations. This is particularly helpful because the differentiation of embryonic stem cells is asynchronous, and cells undergoing differentiation are heterogeneous. 79 For example, selection for neuronal cells have been accomplished by placing a neomycin gene under the control of the Sox1 promoter. 80 Another group inserted green fluorescent protein into the DAT locus in mouse embryonic stem cells; in this way, live dopaminergic neurons can be selected based on green fluorescent protein fluorescence. 81 Furthermore, expression of specific genes, such as Nurr1 in embryonic stem cell lines, enables a greater enrichment of dopaminergic neurons during differentiation. 65 Embryonic stem cells have also been modified to dissect mechanisms of genetic models of Parkinson's disease, such as mutant α-synuclein-mediated toxicity. 82 In addition, disease-causing mutations can be introduced into embryonic stem cells, or embryonic stem cells can be isolated from 
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Skibinski and Finkbeiner animal models of the disease. For instance, embryonic stem cells from knock-out DJ-1 mouse embryos were differentiated into dopaminergic neurons. DJ-1-deficient cells had a lower survival rate and were more sensitive to oxidative stress, suggesting that DJ-1 is an essential component of the oxidative stress response. 83 Applying stem cells to high-throughput screening Stem cells are an attractive alternative for high-throughput screening. Embryonic stem cell-derived neurons have been used in high-throughput screening to assay more than 2.4 million small molecules for AMPA potentiation and toxicity. [84] [85] [86] Importantly, these neurons demonstrate pharmacological responses similar to those of primary rat neurons. 84 The ability of stem cells to differentiate into clinically relevant neuron-specific populations makes them ideal for identifying drugs that are specific for targets and also potentially for cell types. Although mouse stem cells have advantages over primary cells as a drug discovery tool, 58 especially in terms of scalability, questions remain about how well drug evaluations in mouse cells translate to efficacy and safety in humans. Growing human stem cells to the scale required for drug discovery is difficult and has been hindered by availability and ethical and political constraints.
Induced pluripotent stem cells
In 2006, the Yamanaka group discovered a group of genes that directly reprogram fibroblast cells to embryonic stem cell-like cells, known as induced pluripotent stem cells. 87, 88 The discovery of human induced pluripotent stem cells opened the door to a new generation of cell-based models for human neurological diseases, including Parkinson's disease. Established protocols that promote differentiation of human embryonic stem cells have been adapted for induced pluripotent stem cells, allowing the induction of these cells into dopaminergic neurons. 89, 90 Progress has been made in characterizing the dopaminergic phenotype and function of these cells. 91 
Induced pluripotent stem cells from individual patients
One of the biggest advantages of induced pluripotent stem cells is that they can be easily derived from patients with sporadic and familial forms of the disease. In the past, obtaining patient tissues to model neurodegenerative disease was very difficult. Human embryonic stem cell lines had been derived from affected in vitro fertilization embryos of patients with Huntington's disease, an incurable neurodegenerative disorder. 92 However, these cells are collected before symptoms manifest and cannot be expanded into new embryonic stem cell lines. In Parkinson's disease research, skin biopsies from patients with mutations in PINK1 were used to generate primary human fibroblasts. Although these cells provided insight into mechanisms of PINK1-specific degeneration, 93, 94 it is unclear how results in fibroblasts mimic the processes of degeneration in dopaminergic neurons. The ability to grow induced pluripotent stem cell-derived neurons from patients provides a direct link between the human tissues and the disease model in vitro. Several groups have already derived induced pluripotent stem cells from Parkinson's disease patients and differentiated them into dopaminergic neurons. 90, 95 Upon transplantation into the striatum of a rodent model of Parkinson's disease, these cells were functional and developed dendritic arborization expected of mature dopaminergic neurons. Furthermore, the transplantation of these cells effectively rescue motor deficits in these animals. 96 
Future possibilities with induced pluripotent stem cells
It is unknown whether patient-derived induced pluripotent stem cell-based models of Parkinson's disease will recapitulate the characteristic pathology found in Parkinson's disease, including the formation of Lewy bodies. Due to the late onset of Parkinson's disease symptoms, the brief lifetime of the reprogrammed cells may be insufficient to observe any pathogenic process. Also, the subtype of dopaminergic neuron, specifically the substantia nigra A9 neuron, is critical for reestablishing new dopaminergic terminals and restoring motor function in midbrain transplantations. 97 Therefore, induced pluripotent stem cells might need to be pushed towards differentiating substantia nigra A9 type dopaminergic neurons, 72 before a Parkinson's disease-specific phenotype is observed. On the other hand, patients with Parkinson's disease do not display motor deficits until they have lost 50%-60% of their dopaminergic neurons and 70%-80% of their striatal dopaminergic terminals. [98] [99] [100] Thus, cellular dysfunction might occur well before symptoms are visible. So far, dopaminergic neurons derived from induced pluripotent stem cells of five patients with idiopathic Parkinson's disease have showed no obvious differences with control cells. 90 However, a recent encouraging paper showed that dopaminergic neurons derived from induced pluripotent stem cells of a patient with the most common LRRK2 mutation, G2019S, had enhanced sensitivity to an array of cellular stresses and accumulated α-synuclein. 101 Validation of disease-associated phenotypes 
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Drug discovery in Parkinson's disease may involve knocking down the underlying genetic mutations in an attempt to rescue the disease phenotypes. An exciting new technology involving homologous recombination combined with zinc finger nucleases may allow for targeted genetic modification of induced pluripotent stem cells. 102, 103 The ability to disrupt genes specifically and insert transgenes might allow gain or loss of function experiments to facilitate precisely the validation of specific targets and pathways in these cells.
Induced pluripotent stem cells have the potential to resolve many unanswered issues. For example, ethnicity is important for the penetrance of Parkinson's diseaseassociated mutations. The frequency of the G2019S LRRK2 mutation in northern European cases of Parkinson's disease is less than 5%. However, in North African and Ashkenazi Jews, it is 40% and 18%, respectively. 104 Unlike available human-derived embryonic stem cell lines, which represent a limited spectrum of ethnicity, 105 induced pluripotent stem cells can be isolated easily from individuals from a broad range of ethnic backgrounds, enabling investigation into differences in ethnic susceptibility to disease-associated mutations and accelerating progress towards individualized medicine.
Induced pluripotent stem cells will also allow us to examine more subtypes of Parkinson's disease. Existing cellular models are based on inherited forms of the disease. However, only 5%-10% of patients with Parkinson's disease suffer from monogenic forms of the disease. Most develop idiopathic or sporadic Parkinson's disease. 106 Parkinson's disease is a multifaceted and complex disorder, 107 but disease subtypes can be defined, based on age of onset, dominant clinical features, and progression rate. 108 Multiple genetic risk factors likely contribute to the development of sporadic Parkinson's disease and disease subtypes. 109 Routinely deriving induced pluripotent stem cells from sporadic patients will potentially enable the engineering of cellular models that faithfully incorporate all these risk factors.
Like embryonic stem cell lines, induced pluripotent stem cells from different patients vary in their propensity to differentiate. 96, 110 Embryonic stem and induced pluripotent stem cells maintain their genomic information, but they might lose critical epigenetic signals. 88 In the future, this variation might be harnessed to distinguish between genetic and environmental variables that contribute to sporadic Parkinson's disease. However, variation has been observed in different induced pluripotent stem cell clones derived from the same individual. 111 The viral vectors used to transduce reprogramming factors could be one source of this variation. 90 In a recent study, removing the reprogramming genes from an induced pluripotent stem cell line derived from a Parkinson's disease patient led to expression patterns that were more similar to human embryonic stem cells than the parentalinduced pluripotent stem line. 90 For induced pluripotent stem cells to become "mainstream" as a tool in drug discovery, they must be generated without the genomic integration of reprogramming vectors.
Currently, the protocols for differentiating these cells are costly and inefficient, and the resulting cellular subtypes have considerable variability. However, ongoing research seeks new ways to differentiate induced pluripotent stem cells into specific neuronal subtypes and to characterize these neurons at the molecular and functional levels. Most importantly, neuronal phenotypes found in these cells must recapitulate patient phenotypes, and these phenotypes must be validated in cells derived from multiple patients.
Modeling the cellular complexity of Parkinson's disease
A successful cell-based model for drug discovery would facilitate identification of relevant therapeutic targets and compounds to modulate those targets. An ideal model would accurately predict the efficacy and safety of these drugs in humans, with high predictive value for clinical trials. More effective preclinical evaluation would significantly lower the cost of drug development by reducing the number of animal validation studies needed in later testing and would result in better drug success rates in expensive clinical trials.
Most cell-based high-throughput screening involve assays that are conducted on all the cells in a particular sample well, quantifying relatively simple readouts that focus on the target or single endpoints. For example, using systems, such as the Flash Cytometer ® (Trophos, Marseille, France), automated fluorescence measurements can be used to quantify toxicity or other cellular parameters. This type of system is applicable to the rapid screening of thousands of compounds. A recent study screened approximately 40,000 compounds in primary motor neurons for candidates that promote neuronal survival and neurite outgrowth. 112 However, conventional well-based high-throughput screening approaches are poorly suited to deal with the increased heterogeneity and well-to-well variability of primary neurons and stem cells.
The emergence of high-content screening, which measures multiple neuronal features within single cells, for thousands of cells, 113, 114 provides a new level of sensitivity in screening. These systems combine high-resolution fluorescence and confocal imaging platforms, with powerful MA] or Cellomics Array Scan ® from Thermo Scientific [Rockford, IL]) that select and analyze single cells, according to predefined morphology or intensity parameters, including neurite extension, cell shape, organelle morphology, or translocation of fluorescently labeled proteins. However, despite significant progress, more vigorous and detailed image analysis algorithms with less manual input are still required. 115, 116 The ability to track individual neurons over the course of the disease process, combined with longitudinal measurements of multiple cellular features within each of these cells, leads to a remarkable new level of sensitivity and the ability to determine the predictive relationships between cellular changes and the ultimate fate of the cell. [117] [118] [119] Conventional screening systems that take static snapshots of the disease state are poorly suited to capture the complexity and heterogeneity of cellular systems. In addition to the cell-to-cell variability of primary neurons and stem cells, the biology of neurodegeneration and the differentiation of stem cells unfold asynchronously within individual cells to produce additional heterogeneity.
We applied this new approach to resolve a long-standing controversy over the role of inclusion bodies in the pathogenesis of Huntington's disease 118 and to reveal temporal relationships between the ubiquitin proteasome system and inclusion body formation. 120 In addition to determining qualitative relationships, this approach also simultaneously quantifies the contribution of one or more cellular changes on the ultimate fate of the cell. 119 We showed that cytoplasmic mislocalization of TDP43, a major protein component of neuronal aggregates characteristic of amyotrophic lateral sclerosis and frontotemporal dementia is critical for disease pathogenesis. 121 This new technology also offers powerful new approaches for high-throughput screening. 115 The added sensitivity (100-fold greater compared with snapshot-based conventional high-throughput screening 117 ) makes it much more feasible to use primary neurons, including those differentiated from human induced pluripotent stem cells, as a screening platform because many fewer cells are needed to detect significant effects. The ability of the system to follow thousands of individual neurons longitudinally allows each cell to serve as its own control, effectively managing the cell-to-cell and well-to-well variability that plagues cell-based high-throughput screening. These advances make this technology well suited to pursue genome-wide RNAi screening in primary neurons to identify relevant therapeutic targets and to conduct screens of moderately sized small-molecule libraries to do drug discovery. Finally, the measures of fate that the system provides are sufficiently quantitative that structure-activity relationships among chemical series can be delineated, and some lead optimization can occur even if the target of the small molecule remains to be identified.
Conclusion
A wide range of cellular systems has been used to model and investigate the underlying molecular mechanisms of Parkinson's disease. Each system has its own advantages and limitations for drug discovery. Improving drug discovery will require more relevant cellular models and advanced screening platforms that analyze neurons at the level of single cells, enabling multivariable modeling of disease-associated mechanisms. However, a question remains whether one model system can model the multifaceted phenotype of Parkinson's disease. Now, induced pluripotent stem cells from familial and sporadic Parkinson's disease patients that are differentiated into dopaminergic neurons hold great promise for faithful human cellular models that recapitulate essential features of Parkinson's disease. Even so, further development and characterization of these cells is required before their full potential for drug development can be realized. Ultimately, more physiologically relevant models that capture the complexity of Parkinson's disease can only lead to better decisions and translation at all levels of drug discovery. submit your manuscript | www.dovepress.com
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